Please cite this article as: Liu, Y.-Q., Tay, J.-H., Fast formation of aerobic granules by combining strong hydraulic selection pressure with overstressed organic loading rate, Water Research (2015), doi: 10.1016/j.watres.2015.05.015. This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. that reactor configuration and fluid flow pattern had no effect on the aerobic granulation 28 when the fast granulation strategy was employed, but biomass accumulation experienced a 29 short lag phase too in Reactor 5 and Reactor 6. Although overstressed OLR was favorable for 30 fast granulation, it also led to the fluffy granules after around two-week operation. However, 31 the stable 6-month operation of Reactor 3 demonstrated that the rapidly formed granules 32 were able to maintain long-term stability by reducing OLR from 12 g COD/L·d to 6 g 33 COD/L·d. A mechanism of fast granulation with the strategy of combined strong HSP and 34 OLR was proposed to explain results and guide the operation with this fast strategy. 35 36
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Introduction 41 42
Aerobic granule technology has been intensively studied almost for two decades, which 43 has great potential in wastewater treatment due to the advantages of excellent settling ability 44 of biomass, high biomass retention, and wide applications in treating various types of 45 wastewater (Adav et al. 2008) . However, the mechanism of aerobic granulation is still not 46 fully understood, which impedes the optimization and application of this technology for real 47 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 6 and R6 with an airflow rate of 1.6 cm/s. In addition, the stirrer speed in R6 was maintained at 104 120 rpm during the aeration period. The flow diagram of reactor operation was same as those 105
reported by Liu and Tay (2007b) . 106 107 Reactors were operated in a sequencing batch mode and effluent was discharged from the 108 middle port of the reactor with a volumetric exchange ratio of 50-70%. Both feeding time 109
and discharging time were set as 5 min and no aeration was supplied to reactors during the 110 feeding period. Detailed operational conditions are listed in Table 1 for the comparison  111 between reactors with different settling time, different inoculums, different reactor 112 configuration and different shear force. Fresh activated sludge collected from a local 113 municipal wastewater treatment plant was first cultivated with the same synthetic wastewater 114 as used in R1-R3 for 4 days in a barrel. Then the acclimated activated sludge was inoculated 115 into the reactors for start-up except R3. For reactor R3, a bulking sludge from a deteriorated 116 reactor in the lab was used as inoculums to study the effects of inoculums on fast granulation. 117 118 Reactors R1, R2, R3, R4, R5 and R6 were operated for 60 days, 14 days, 171 days, 14 days, 119 10 days and 10 days, respectively. The operation of six reactors is summarized in Table 1  120 with the combined strong HSP and high OLR to study 121 i)
Effects of initial settling time 122
ii)
Effects of settling ability of seed sludge 123 iii)
Effects of exchange ratio Actually, small granules were observed after 2-week operation in R1 and the SVI 5 of sludge 174 in R1 decreased to less than 100 mL/g after 18 days of cultivation (data not shown). Mean 175 size of sludge increased greatly after the settling time was decreased gradually. It took about 176 4 weeks for granular sludge to be mature in R1. Since the step-wise decreased settling time 177 was widely used in literature, the changes of SVI 5 , MLVSS and sludge size in the whole 178 process were not repeated here. In terms of granule size, sludge SVI 5 and MLVSS, reactor 179 R2 actually reached steady state after 72 hours. To the best of our knowledge, this is the 180 fastest time reported ever to reach a steady state in a lab-scale reactor for aerobic granules. 181
The specific biomass accumulation rate in the reactors and the specific biomass growth rate 182 by size are depicted in the Fig. 3 . It can be seen that the growth rate of sludge size in R2 is 183 almost 3.0-fold of that in R1 and the specific biomass accumulation rate in R2 is 2.9-fold of 184 that in R1 in the exponential period. In addition, no lag phase for biomass accumulation and 185 size increase of sludge was observed in R2. Since all the other operational conditions wereM A N U S C R I P T A C C E P T E D shortened to 2 h to increase hydraulic selection pressure, the vast majority of sludge was 198 immediately washed out of the reactor with only around 0.5 g/L of biomass was retained in 199 the reactor after 24 h, which was much lower than 1.61 g/L at 24 h in R2 (Fig. 2) . Even in 200 this case, however, it is quite interesting to note that small granules appeared at 24 h in R3 201 just like in R2 and no flocs were observed after 24 h. Since little biomass was retained in R3, 202 SVI was not measured from 0 to 96 hr. At 96 h, SVI 5 in R3 was only 68 mL/g, which was 203 similar to that in R2. Obviously, granules were formed very quickly in R3 too even with 204 poorly settled inoculums containing large amount of filamentous bacteria. The big difference 205 in terms of aerobic granulation in R2 and R3 is only the appearance of evident lag phase in 206 R3 due to the very low biomass concentration from 24 h. As both short settling time and 207 short cycle time were used in this study, the immediate biomass wash-out within 24 h led toM A N U S C R I P T
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11 the low inoculation ratio if the only retained biomass after 24 h was considered as the actual 209 inoculated sludge, which was only 10% in R3 while 36% in R2 compared with the steady 210 state biomass concentration. The biomass concentration change with 10% actual inoculation 211 ratio in R3 had the exactly same sigmoidal growth curve of typical bacteria (Zwietering et al. 212 1990) with lag phase, exponential phase and steady phase as shown in Fig. 2 . But 36% actual 213 inoculation ratio in R2 eliminated completely lag phase with immediate exponential growth 214 of biomass. Interestingly, granule size experienced the same changing trend with biomass 215 concentration in R3 experiencing typical sigmoidal growth curve while in R2 having 216 exponential growth immediately. Due to the lag phase and higher OLR in R3, the reactor 217 reached the steady state after 240 h in terms of biomass concentration, which was one week 218 slower than R2, but still much faster than the reports with other fast start-up strategies. In 219 addition, it was noted that granule growth rate by size in R3 was 6.99µm/h while it was 4.67 220 µm/h in R2 although the specific biomass accumulation rates in two reactors were similar. 221
As reported before (Liu and Tay, 2007a), starvation is not a prerequisite for granulation. In 222 this study, although aerobic granules appeared within 24 hours, effluent COD in R3 was 223 ranging from 600 to 900 mg/L during the first 120 hours because the biomass concentration 224 was only around 0.5 g/L. However, once the lag phase in terms of biomass concentration 225 ended, effluent COD dropped significantly to less than 50 mg/L at 192 h. During the 226 subsequent operation period for the long-term stability study, effluent COD in R3 was 227 always maintained at around 50 mg/L due to high biomass concentration. For R2, effluent 228 COD was around 50 mg/L due to relatively high biomass concentration e.g. around 2 g/L,M A N U S C R I P T
12 even at the initial stage of reactor operation. This demonstrated again that microbial 230 aggregation for granulation was independent on starvation or if COD could be fully removed. 231 R2 with exchange ratio of 50% and R4 with exchange ratio of 70% did not present any 232 difference (data in R4 not shown) in terms of aerobic granulation at the same OLR, which 233
indicates that exchange ratio between 50% and 70% had no influence when the strong 234 hydraulic selection pressure from short cycle time and short settling time was used in this 235 study. 236
Effects of reactor configurations and mechanical shear force on the formation of aerobic 237
granules with the combined strong HSP and overstressed OLR 238 239 Similar to lab-scale reactor, the vast majority of biomass in R5 and R6 was washed out in the 240 first several cycles after start-up, and only little biomass was retained due to strong hydraulic 241 selection pressure. However, white granules were observed after 24-h operation as shown in 242 Fig. 4 . During the first 96-h operation, biomass volume in R5 after 30-min settling was 243 below 0.28 L. However, the newly formed granules multiplied rapidly after 96-h operation 244 and biomass volume increased significantly, and then reached 4.8 L after 216-h operation as 245 showed in Fig. 5 . Therefore, it can be said that the low biomass concentration during the first 246 96 hours due to the strong hydraulic selection pressure can be increased rapidly after 247 granules were formed in the 20-cm diameter reactor. The granulation of sludge in R5 was 248 similar to that in R3, which indicated that reactor diameter and reactor H/D ratio did not 249 influence granulation speed with the strong hydraulic selection pressure. However, even withM A N U S C R I P T
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13 the inoculation of well settled sludge in the pilot-scale reactor R5, the biomass washout was 251 much more serious with an obvious lag phase in terms of the increase in biomass 252 concentration than in the lab-scale reactor R2. It is well known that reactor with a diameter 253 smaller than 10 cm has serious reactor wall effect, which could retain biomass with high 254 density at the bottom part of the reactor to avoid wash-out at strong hydraulic selection 255 pressure. Therefore, the lag phase in pilot-scale reactor R5 is probably due to the poor 256 retention of biomass in the reactor with a diameter of 20 cm lacking of reactor wall effect. 257 was used e.g. settling time and HRT were too short. The operational strategy with step-wise 319 decreased settling time is thus usually used to avoid the biomass wash-out during the start-up 320 period for aerobic granular sludge reactor. Meanwhile, cycle time longer than 3 h is usually 321 used to provide a periodical feast-famine phase in a single cycle, which was considered as a 322 critical factor for the granulation (Tay et al., 2001 , Li et al. 2006 . Generally, 2 weeks were 323 required to grow compact aggregates and more than one month were taken to form mature 324 granules at step-wise decreased settling time in a lab-scale reactor. However, it can be seen 325 very clearly from Fig. 2 that although the changing trends of biomass concentration and 326 sludge SVI with the traditional step-wise decreased settling time at the beginning of reactor 327 operation were similar to those in R2 and R3 during the first 24 hours, the changes in R1 328 during 336 h were far more mild with much smaller slopes compared with R2 and R3. To 329 enhance aerobic granulation, these changes have to become drastically by strong HSP. 330
331
In addition, it has been reported that starvation is not prerequisite for aerobic granulation (Liu 332 et al. 2007a) . Overstressed OLR has been proved to induce more EPS production which is 333 favorable for granulation (Yang et al. 2014) . Accelerated start-up and granulation processesM A N U S C R I P T
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by the application of stressing OLR without achieving complete substrate removal was also 335 reported in UASB (Francese et al., 1998; Show et al., 2004) .Therefore, OLR of 8 and 12 g 336 COD/L·d combined with strong hydraulic selection pressure was used for the fast start-up of 337 aerobic granular sludge reactor in this study. High OLR is crucial not only for changing the 338 aggregation ability of flocs by secreting more EPS or changing cell surface properties but 339 also for the rapid biomass accumulation as shown in Fig. 3 . 340 341
Uncoupled optimal conditions for fast granulation and maintaining long-term stability of 342 granules 343 344
Although granules appeared within 24 hours in all reactors, compact granules turned into 345 fluffy leading to the biomass washout and the collapse of reactor operation after a certain 346 period in R5 and R6. Obviously, the optimal conditions for aerobic granulation and 347 maintaining the long-term stability are different due to the changes of sludge size, biomass 348 concentration and fluid mixing in reactor. In this study, OLR of 8 and 12 g COD/L·d were 349 used for accelerating aerobic granulation. However, it has been reported that high OLR such 350 as OLR of 8 g COD/L·d could lead to the instability of aerobic granules (Zheng et al. 2006) . 351
It was believed that a high COD loading easily led to outgrowth of filaments and unstable 352 reactor operation (Beun et al., 1999; de Kreuk, 2005) . The results by Chen et al. (2008) 353 showed that aerobic granules could maintain a long-term stability even at the OLR of 15 gM A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
cm/s in famine period did not affect the long-term stability of aerobic granules (Liu and Tay, 356 2006) . Thus, the instability of aerobic granules under high OLR might mainly come from 357 the DO limitation in the feast period. In this study, since COD was ranging from 600-900 358 mg/L during the first 120 h in R3 due to low biomass concentration, DO was still as high as 6 359 mg/L even with OLR of 12 g COD/L·d. DO limitation in R3 with high OLR during 360 granulation period was thus reduced by low biomass concentration. To maintain the stability 361 of rapidly formed granules by exerting high OLR and strong HSP, increasing aeration rate or 362 reducing OLR should be adopted after granules are formed. The cycle time of reactor R4 was 363 extended to 2 h with OLR reduced accordingly to 6 g COD/L·d after 2-week operation. The 364 results in R4 indicated that rapidly formed granules were able to maintain the good stability 365 during 6-month operation period. In addition, it was thought that the rapid growth of bacteria 366 in granules was likely to result in the instability of aerobic granules. Thus, slow-growing 367 bacteria were selected to enhance the long-term stability of aerobic granules (de Kreuk et al., 368 2004) . However, R3 demonstrated that granulation speed and bacteria growth rate in the 369 start-up period does not affect the long-term stability of granules as long as the optimal 370 conditions are used respectively. Therefore, it is very efficient to start up aerobic granular 371 sludge reactor with the strong HSP and high OLR for the rapid granulation while reduced 372 OLR or improved aeration rate are used to maintain the long-term stability of aerobic 373 granules.
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
19
Mechanism of fast granulation using the combined hydraulic selection pressure with 376
overstressed OLR 377 378 Different hypothesis has been proposed to try to explain the mechanism of aerobic 379 granulation. However, the most hypotheses proposed were based on certain specific 380 experiments within a certain limits, which was thus easily contradictory to the experimental 381 data reported later with different operational conditions. For example, starvation was 382 believed to be as the most important factor for aerobic granulation (Tay et al. 2001; Li et al. 383 2006), but granules were cultivated successfully without starvation (Liu et al. 2007a ). Short 384 settling time was thought to be crucial for the formation of aerobic granules (Qin et al. 2004) , 385 but aerobic granules were still formed with long settling time such as 30 min (Wan et al. 386 2011) . In this study, various factors such as inoculums, reactor configuration, mechanical 387 shear force, exchange ratio have been investigated with the combined strong HSP and 388 overstressed OLR strategy for fast granulation. The successful granulation under various 389 conditions indicates that there are common crucial factors for fast granulation and a 390 mechanism could thus be proposed to explain this phenomenon. Fig. 8 depicted the 391 mechanism of fast granulation with the combined strong HSP and overstressed OLR strategy. 392
In the granulation phase, strong hydraulic selection pressure leads to slightly diluted (when 393 seeded with well settled sludge in slim reactors) or significantly diluted (when seeded with 394 poorly settled sludge or in a evenly mixed reactor) flocs, which experience overstressed OLR 395 as well as strong hydraulic selection to stimulate EPS production (Yang et al. 2014) 
Conclusions 409
The strategy with combined strong HSP and overstressed OLR to speed up aerobic 410 granulation was applicable to wider scenarios regardless of settling ability of seed sludge, 411 exchange ratio between 50% and70%, reactor configuration with different diameter and 412 reactor H/D ratio, and mechanical/pneumatic shear force. Although high OLR may lead to 413 fluffy granules and collapse of reactor operation, the rapidly formed granules with the fast 414 start-up strategy were able to maintain long-term stability by reducing OLR to a suitable 415 level after the steady state was reached. The results in this study indicates that the crucial 416 conditions for aerobic granulation and maintaining long-term stability of aerobic granules are Sep. Purif. Technol. 82, [190] [191] [192] [193] [194] [195] [196] 
